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We have investigated single crystals and polycrystals from the series Nb1−yFe2+y, −0.004 ≤
y ≤ 0.018 by electron spin resonance, muon spin relaxation and Mo¨ssbauer spectroscopy. Our
data establish that at lowest temperatures all samples exhibit bulk magnetic order. Slight Fe-
excess induces low-moment ferromagnetism, consistent with bulk magnetometry, while Nb–rich and
stoichiometric NbFe2 display spin density wave order with small magnetic moment amplitudes of
the order ∼ 0.001− 0.01µB/Fe. This provides microscopic evidence for a modulated magnetic state
on the border of ferromagnetism in NbFe2.
PACS numbers: 76.75.+i, 76.30.-v, 76.80.+y, 75.30.Fv
I. INTRODUCTION
Ferromagnetic quantum phase transitions in metals
represent a topic of current research interest both from
the theoretical and experimental side, this especially un-
der the aspect of non-Fermi liquid behavior in transition
metal compounds1,2. The underlying question whether a
ferromagnetic quantum critical point can exist in clean
band magnets remains controversial so far. Based on fun-
damental considerations3–6, it was argued that ferromag-
nets adopt one of two possible scenarios on approaching
the putative quantum critical point: either the transition
into the ferromagnetic state becomes discontinuous (first
order), or the low temperature state adopts a modulation
(ordering wave vector Q 6= 0), causing some form of spin
density wave order (SDW).
An interesting candidate for the SDW scenario is
NbFe2
7. In the Nb1−yFe2+y composition series, the mag-
netic state depends sensitively on composition8–11. Nb–
rich (y < −0.02) and Fe–rich (y > 0.005) Nb1−yFe2+y
are weakly ferromagnetic (FM) at low temperature,
which may be attributed to changes in the electronic
structure12–15. At intermediate compositions y ≃ 0 in
Nb1−yFe2+y, however, samples are not FM, although
they still appear to order magnetically as shown by sus-
ceptibility measurements, and which was tentatively in-
terpreted as a SDW state. Signatures of Fermi liquid
breakdown have been reported near the critical concen-
tration y = −0.015, where the ordering temperature of
the putative SDW state extrapolates to zero7.
Despite many experimental efforts, microscopic evi-
dence for the existence of a broken symmetry magnetic
low temperature state in stoichiometric NbFe2 has so
far been lacking. NMR studies on polycrystals9 require
magnetic fields exceeding the critical field of the ordered
phase for some grain orientations, whereas the small size
of the ordered moment, estimated to less than 0.1µB/Fe
from magnetization measurements in the FM state, im-
ply a tiny signal size in neutron scattering. Here, we
present low temperature electron spin resonance (ESR),
muon spin relaxation (µSR) and Mo¨ssbauer spectroscopy
experiments on single and polycrystalline Nb1−yFe2+y in
the alloying range −0.004 ≤ y ≤ 0.018, thus covering the
range from SDW to FM ground state.
Our study establishes the bulk nature and spatial ho-
mogeneity of these phases at the lowest temperatures.
We determine the temperature evolution and magnitude
of the internal magnetic field, and assess the size of the
ordered magnetic moments in the different phases. Our
findings confirm the FM nature of the low temperature
state in Fe-rich NbFe2. Further, they demonstrate the
existence of a modulated magnetic phase (SDW) at low
temperature in near-stoichiometric NbFe2 and in an in-
termediate temperature range above the FM state in Fe-
rich NbFe2. Moreover, they indicate that the ordered mo-
ment of the modulated magnetic phase diminishes more
rapidly as a function of Nb concentration than the associ-
ated ordering temperature on approaching the quantum
critical point.
II. EXPERIMENTAL DETAILS
Single crystals Nb1−yFe2+y were grown in a UHV
compatible mirror furnace from polycrystalline precur-
sor rods prepared by radio-frequency induction melting,
and characterized by Laue diffractometry, transport mea-
surements and magnetometry16–18. The samples used in
this study correspond closely to similar single crystals
from the same growth runs, which were characterized ex-
tensively by bulk experiments18,19. They include Fe-rich
Nb0.982Fe2.018 (with a SDW phase below TN ∼ 36K and
a FM transition TC ∼ 32K (determined from magne-
tization measurements; Fig. 5b), stoichiometric NbFe2
2(TN ∼ 14K) and Nb–rich Nb1.004Fe1.996 (TN ∼ 8K).
An iron-rich polycrystal Nb0.984Fe2.016 (TN ∼ 30K,
TC ∼ 22K) was used for Mo¨ssbauer spectroscopy.
ESR experiments were carried out with a standard
continuous-wave spectrometer between 5 and 300K. We
measured the power P absorbed by the sample from a
transverse magnetic microwave field (ν ≈ 9.4GHz) as a
function of an external, static magnetic field B. A lock-
in technique (with a modulated field at 100kHz) was
used to improve the signal-to-noise ratio, which yields
the derivative of the resonance signal dP/dB. µSR ex-
periments in zero field (ZF) and in a weak transverse
applied field (wTF) (external field of 5mT applied at a
90◦ angle relative to the polarized muon spin) have been
performed between 1.8 and 140K using the GPS facility
of the Swiss Muon Source at the Paul Scherrer Institut,
Villigen. Mo¨ssbauer spectroscopy has been performed
between 4 and 90K using a conventional Mo¨ssbauer set–
up.
III. RESULTS: ESR
The ESRmeasurements on a stoichiometric single crys-
tal of NbFe2 show well-defined resonances probed in a
skin depth of about 2µm (at 20K) at a crystal size of
1 × 0.9 × 0.4mm3. The inset of Fig. 1a. shows a typi-
cal spectrum in the paramagnetic regime together with
a single line metallic Lorentzian shape for a resonance
with g = 2.1. Such resonance spectra taken on the sin-
gle crystal NbFe2 were fitted with a metallic Lorentzian
shape20 with the parameters linewidth ∆B (half width
at half maximum of the microwave power absorbed by
ESR) and resonance field Bres of an ESR line with a
Lorentzian shape:
dP (B)
dB
= Amp ·
{
α(1 − x2)− 2 · x
(1 + x2)2
+
−α(1− y2)− 2 · y
(1 + y2)2
}
(1)
Here, Amp is the amplitude, α is the asymmetry pa-
rameter (D/A, describing the microwave dispersion rela-
tive to absorption in metallic samples). Further, we use
x = B−Bres∆B and y =
B+Bres
∆B . The second term describes
the influence of the counter rotating component of the
linearly polarized microwave field, which is relevant in
the case of ∆B & Bres, as we will demonstrate below.
We determined the ESR intensity by integrating the ESR
spectra and dividing by the temperature dependent skin
depth.
In general, a conduction electron spin resonance is de-
scribed by a Dysonian lineshape which takes into ac-
count the spin diffusion, penetration depth and sample
thickness21,22. In the limit of a much faster spin relax-
ation than the spin diffusion through the skin depth (as
it is realized in NbFe2) a regular local moment ESR line-
shape is expected. In this case, however, it is important
to note that microwave dispersion effects occur due to
the skin effect. Hence, an asymmetric line, characterized
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FIG. 1: (Color online) (a) Paramagnetic resonance signal
(inset) at T = 50K of NbFe2 and temperature dependent
linewidth ∆B(T). Solid line describes the spectrum by a
Lorentzian shape plus a weak background (gray spectrum)
responsible for the initial drop of the signal. (b) Tempera-
ture dependence of the resonance field Bres(T) perpendicular
to the magnetic easy axis (less than the critical field ≃ 3 T
required to suppress TN to zero). Inset: Integrated ESR in-
tensity vs. ac-susceptibility taken at 0.25 T between 20 and
100K.
by the ratio of dispersion to absorption, D/A, is found,
viz., a ”metallic” Lorentzian.
Another crucial effect to the lineshape arises if the ESR
linewidth is very broad and of the order of the resonance
field. Then the ESR lineshape may considerably devi-
ate from the shape expected for narrow lines because the
counter rotating component of the linearly polarized mi-
crowave field becomes relevant18. Fig. 2 illustrates this
situation for an ESR line with parameters correspond-
ing to those of NbFe2. Note the change in the portions
of positive and negative contributions to the lineshape
and compare to the case of NbFe2 shown in the inset of
Fig. 1a.
Linewidth ∆B and resonance field Bres as determined
from fits of the ESR spectra to Eq. 1 show very similar
temperature dependencies compared to those reported
previously in polycrystalline samples23. The linearity
between the ESR intensity (being a microscopic probe
of the spin susceptibility in the skin depth and the mag-
netic susceptibility (see inset of Fig. 1b) indicates that
the observed resonance reflects bulk magnetic properties.
The clearest evidence for the bulk origin of the sig-
nal is that ∆B decreases (almost linearly) with increas-
ing temperature following the opposite behavior of the
electrical resistivity ρ in the same range of temperatures,
which namely increases with increasing T19,24. This is ex-
plicitely demonstrated in Fig. 3, where we combine both
quantities, ∆B and ρ, in the same plot. A direct rela-
tion between ∆B and ρ is a characteristic hallmark of
a conduction electron spin resonance (CESR) and would
be completely unexpected for impurity spins or coupled
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FIG. 2: (Color online) ESR lineshape variation for various
resonance fields Bres being comparable to the linewidth ∆B.
The lineshape is a metallic Lorentzian with D/A=1 reflecting
the case of a small microwave penetration depth compared to
the sample thickness and a slow spin diffusion.
spins of impurity and itinerant electrons.
More specifically, correlated band magnets like TiBe2
are examples for a CESR which can be analyzed accord-
ing to the Elliot-Yafet theory25. A generalized version
of this theory26,27 takes the particular electronic band
structure into account and allows to understand the re-
lation between linewidth ∆B and resistivity ρ. We con-
sidered the special preconditions of the electronic band
structure of NbFe2
12–15 and found for ∆B a behavior
almost linear to ρ, but with opposite prefactors. To il-
lustrate this we show the resistivity data of NbFe2 from
Ref.19 in the combined plot with the ESR linewidth vs.
temperature, see Fig. 3a, and with temperature as im-
plicit parameter, see Fig. 3b. A similar behavior was as
also found for MgB2
24 and the correlated narrow band
metal Rb3C60
27 in a wide temperature range. Indeed, for
NbFe2 a prerequisite of the generalized Elliot-Yafet the-
ory is fulfilled, namely that the quasiparticle scattering
rate is comparable to the energy separation of two neigh-
boring spin-orbit split bands close to the Fermi level24.
Taking these observations as strong indications for a bulk
CESR in NbFe2 we continue with discussing the effects
of the ground state phase.
Towards low temperatures and crossing the order-
ing temperature TN ∼ 12K, ∆B(T) and Bres(T) show
strong changes which suggest a drastic change in inter-
nal fields at TN and which indicate the presence of a
low temperature magnetically ordered state. Such strong
changes in Bres(T) may be expected in particular for sys-
tems with strong magnetic anisotropies28 like NbFe2
29.
IV. RESULTS: µSR
The µSR data provide comprehensive microscopic in-
formation about the low temperature magnetic states
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FIG. 3: (Color online) The upper panel shows the tempera-
ture dependence of the ESR linewidth ∆B and the electric
resistivity ρ. The lower panel displays ∆B as function of ρ,
with temperature as implicit parameter. The solid line sug-
gests a linearity between ∆B and ρ in a wide temperature
range.
in Nb1−yFe2+y. Fig. 4 displays the wTF spectra of
Nb1−yFe2+y between 5 and 80K. At high temperatures,
the muons precess with frequency ω in the external field,
giving rise to an oscillatory asymmetry signal PTF
PTF = a cos (ωt+ φ) e
−
1
2
(σt)2e−λTFt. (2)
Eq. 2 implies a local field distribution caused by nuclear
dipoles and an additionally operative electronic relax-
ation process. Here, a denotes the asymmetry param-
eter, φ the phase shift, σ the width of a local magnetic
field distribution and λTF the damping rate.
At low temperature, the signals are strongly damped
and acquire an additional precession term from local in-
ternal fields (see Eqs. 3 and 4). From fits of the data we
obtain the temperature dependence of the wTF asymme-
try parameter, which is proportional to the paramagnetic
volume fraction (Fig. 5a). The complete loss of asym-
metry for all samples at the lowest temperatures proves
the bulk nature of the magnetically ordered phases.
The transition temperatures are determined as 36K in
Nb0.982Fe2.018, 14K in NbFe2 and 8K in Nb1.004Fe1.996,
in good agreement with bulk studies7,11,16–19.
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FIG. 4: (Color online) Weak transverse field µSR asymmetry
spectra between 5 and 80K in an external field of 5mT for
(a) Nb0.982Fe2.018, (b) NbFe2, and (c) Nb1.004Fe1.996. Solid
lines are fits to the data. Nb0.982Fe2.018 has been measured
in an applied field of 3mT for T ≥ 40K. For all samples a
small sample holder contribution (10 % of the total signal)
has been included in the fit.
More detailed information is obtained from zero field
(ZF) µSR experiments (Fig. 6). Above the critical tem-
peratures, the data for all samples can be fitted by a dy-
namic Gaussian Kubo–Toyabe–type function24,30. Inside
the magnetically ordered phases, the relaxation behavior
depends on the nature of the ordered state.
Ferromagnetic order is known from bulk magnetome-
try to set in below about 32K in Fe-rich Nb0.982Fe2.018.
Indeed, a spontaneous muon rotation signal is detected
at temperatures below 32K, consistent with ferromag-
netism (Fig. 6a). The real part of the power spectrum
of the low temperature muon relaxation data exhibits a
broad maximum at finite frequency (Fig. 7a), which can
be analyzed in terms of two distinct muon sites with pre-
cession frequencies Ωi caused by the local internal field:
PFM =
2∑
i=1
ai
[
αi cos (Ωit) e
−λT,it + (1− αi) e
−λL,it
]
.
(3)
The asymmetry parameter ai is associated with site i, αi
denotes the fraction of transverse field components of the
field distribution with respect to the initial muon spin
which give rise to a precession. It remains nearly con-
stant as a function of temperature indicating that also
the direction of Fe moments stays the same. λT/L is the
transverse/longitudinal damping rate. The frequencies
Ωi are indicated by arrows in the Figs. 7a/b, and fits to
Eq. 3 as solid lines in Fig. 6a. The temperature depen-
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FIG. 5: (Color online) Temperature dependence of the asym-
metry parameter from wTF measurements (a) and inverse
susceptibility χ−1 (b) in Nb1−yFe2+y , y = +0.018 (triangle),
0.0 (circle) and −0.004 (diamond).
dence of the precession frequencies Ωi (Fig. 7c) reflects
the evolution of the bulk magnetization.
We note that a fit using only one muon site/precession
frequency does not properly reproduce the experimental
data. This is illustrated in Fig. 8, where we plot the
muon relaxation spectrum of Fe-rich Nb0.982Fe2.018 deep
in the ferromagnetic phase, together with fits to the data
assuming one (red solid line) and two (blue solid line)
muon sites, respectively. From the figure, it is evident
that a fit using only one muon site fails to reproduce
the experimental data already at ∼ 0.05µs. Correspond-
ingly, in our fits we have chosen the minimum number of
two muon sites to parameterize the experimental data.
V. RESULTS: MO¨SSBAUER SPECTROSCOPY
A Mo¨ssbauer study on Fe–rich powder Nb0.984Fe2.016
(TC ∼ 22K, TN ∼ 30K from magnetization) yields com-
plementary information on the nature of the magnetic
phase below TC . In Fig. 9a/b we plot the Mo¨ssbauer
spectra taken in the paramagnetic (90K) and the low
temperature magnetic (8K) phase24. At high temper-
atures the resonance pattern reveals a doublet struc-
ture typical for nuclear electric quadrupole interaction.
For the fit we take into account two sites, Fe 6h and
Fe 2a (Fig. 9a), with electric field gradients of about
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FIG. 6: (Color online) Zero field µSR asymmetry spectrum
between 1.8 and 36K of Nb1−yFe2+y, y = +0.018 (a), 0.0 (b)
and −0.004 (c). Solid lines are fits according to Eqs. 3 and 4.
1.0 · 1021V/m2. Upon lowering the temperature below
TC the onset of magnetic hyperfine splitting at the Fe
sites becomes visible from a broadening of the resonance
pattern (Fig. 9b). From the full width half maximum
FWHM, the magnetic hyperfine field is estimated to be
less than 2T , which corresponds to an upper limit of the
ordered magnetic moment of about 0.15µB/Fe atom from
scaling to metallic Fe and is consistent with the net mo-
ment of 0.06 µB/Fe inferred from bulk magnetometry
19.
These findings contradict the suggestion based on
Compton scattering at elevated magnetic fields31 that
Fe-rich Nb0.985Fe2.015 is ferrimagnetic, with moments of
0.4µB (-0.6µB) on the Fe 6h (Fe 2a) site. The resolution
of this discrepancy requires further investigation, but it
may be attributed to the larger energy window probed
by Compton scattering, which could cause large, slowly
fluctuating moments to appear to be static.
VI. DISCUSSION
We now turn to the SDW phase derived from bulk
studies, which according to the phase diagram can be ex-
amined in Fe-rich Nb0.982Fe2.018 between 32K and 36K
as well as in NbFe2 and Nb1.004Fe1.996 below TN . The
associated power spectra (Fig. 7a) of the µSR ZF data
can be seen for NbFe2 and Nb1.004Fe1.996, with an over-
damped response centered very near to zero frequency.
Equally, for Nb0.982Fe2.018 between TC ∼ 32K and
TN ∼ 36K a similar response is observed (Fig. 7b). It
implies that this behavior represents the common signa-
ture of the modulated magnetic phase. Therefore, and in
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view of the various bulk magnetic studies on Nb1−yFe2+y
and our ESR results, we ascribe the overdamped asym-
metry signal to a wide field distribution caused by a SDW
state, which we parametrize32,33 as
PSDW = a
[
αj0 (ΩBt) e
−ΛTt + (1− α) e−ΛLt
]
, (4)
with a - asymmetry, α - fraction, j0 - zeroth order Bessel
function and ΛT/L - transverse/longitudinal damping
rate. Here, the argument of the Bessel function contains
the maximal frequency ΩB of the SDW frequency distri-
bution (corresponding to the maximal local field). The
values ΩB are indicated by crosses in Fig. 7a/b.
Because the µSR frequencies Ωi and ΩB depend on the
size of the ordered moment for the FM and SDW state,
respectively, their evolution with temperature and sam-
ple composition is of particular interest (Fig. 7c). We
find that ΩB(T) in NbFe2 is consistent with a second
order phase transition at TN ≃ 13K, in good agree-
ment with bulk and wTF data. Moreover, ΩB(T = 0) ≃
6MHz, which is about twice as large as the value for
Nb0.982Fe2.018 at 35K (open triangle in Fig. 7c). If the
SDW amplitude MQ scales with ΩB in the same way
as the FM moment M0 scales with Ωi, then from bulk
measurements of M0, which give about 0.06µB/Fe in
Nb0.985Fe2.015 (see Ref.
19), we estimate at low temper-
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FIG. 8: (Color online) Zero field µSR asymmetry spectrum
PFM of Nb0.982Fe2.018 at lowest experimental temperature
compared to fits of the data assuming muon precession on
one and two distinct muon sites, respectively.
ature the SDW amplitude MQ to ∼ 0.01µB/Fe in NbFe2
and about 5 · 10−3µB/Fe in Nb1.004Fe1.996, which has
TN ≃ 8K according to bulk magnetometry and µSR
wTF data. This rapid drop of the size of the magnetic
moment by nearly an order of magnitude with varying
composition y, when TN appears to be reduced only
by about a third, may be connected to the very shal-
low temperature dependence of ΩB in Nb1.004Fe1.996 for
5K<T< 8K. The latter is reminiscent of the case of
URu2Si2
34,35. It might be attributed to sample inho-
mogeneity, which would cause a spread of TN , or to a
more intrinsic form of phase separation (see, e.g.36). The
wTF data (Fig. 5a) indicate nearly 100% magnetic vol-
ume fraction at low temperature but further studies with
higher temperature resolution are required to check for
phase separation in the range between 5 and 8K.
If sample inhomogeneity can be ruled out, then our
µSR data seem to suggest a rather unusual evolution
of the magnetic moment with composition. A naive
linear extrapolation of the µord(y)-data from our µSR-
study would imply that the magnetic moment is fully
suppressed for a composition y ∼ −0.01, distinctly dif-
ferent from the value yc = −0.015 obtained from bulk
studies. This raises the question about the nature of
the magnetically ordered phase in the intermediate range
−0.01 ≤ y ≤ yc, and the possibility of the occurrence of
a partially ordered phase36,37 close to the SDW quantum
critical point.
In conclusion, our combined microscopic study of the
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magnetic ground state of Nb1−yFe2+y establishes the
bulk nature and spatial homogeneity of the magnetically
ordered phases at the lowest temperatures. We have de-
termine the temperature evolution and magnitude of the
internal magnetic field, and from this derived the size of
the ordered magnetic moments in the different phases.
We confirm the FM nature of the low temperature state
in Fe-rich NbFe2, and demonstrate the existence of a
modulated magnetic phase at low temperature in near-
stoichiometric NbFe2. Finally we observe a rather un-
usual dependence of the ordered moment of the modu-
lated magnetic phase on Nb concentration, which .
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